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The dynamic behavior of dislocations in heavily germanium~Ge!-doped silicon~Si! crystals with
concentrations up to 2.531020 cm23, and Ge and boron~B! codoped Si crystals with concentrations
of 431019 and 931018 cm23, respectively, is investigated using the etch pit technique in
comparison with that in undoped and B-doped Si crystals. Strong suppression of the generation of
dislocations from a surface scratch is found for Ge and B codoped Si in comparison with that
observed for Ge-doped and B-doped Si. The velocity of dislocations in Ge and B codoped Si
crystals is found to be lower than that of dislocations in B-doped, Ge-doped, and undoped Si. The
coexistence of Ge and B impurities in Si is considered to be effective at immobilizing and retarding













































Dash necking with a 3–4 mm neck is generally reco
nized as being standard to avoid dislocation introduction d
ing crystal growth in the semiconductor industry. With t
necking, silicon ~Si! may be grown predominantly a
dislocation-free single crystals. However, the present auth
have also succeeded in growing dislocation-free Si crys
by the Czochralski method without the Dash necking o
large cross section Si seed heavily doped with boron~B!
impurity at a concentration higher than 131018 cm23 ~Refs.
1 and 2!. This success is important for the growth of lar
size Si crystals, heavier than 500 kg.3 In a fundamental in-
vestigation, furthermore, it was found that the generation
dislocations due to thermal stress at the seeding stage
effectively suppressed by the B impurity, which is attribut
to dislocation locking due to impurity segregation.4,5
In such heavily B-doped Si crystal growth, when t
difference of the impurity concentration between the se
and the crystal exceeds 831018 cm23, misfit dislocations
are generated at the seed/crystal interface due to the la
mismatch and penetrate into the crystal.6 Dislocation-free
crystals without such misfit dislocations have been gro
from the undoped-Si melt using Si seeds codoped with B
germanium~Ge! with suitably selected concentrations for a
justing their lattice parameters.7 Moreover, it was found tha
addition of the Ge impurity leads to a reduction of the
impurity concentration necessary to suppress disloca
generation originating from thermal stress. Thus, it is imp
tant to clarify whether the Ge impurity has a strong effect
the suppression of dislocation generation and on disloca
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velocity, and the extent to which codoping with Ge and
impurities is effective on them.
This article reports on the dynamic characteristics of d
locations within Si doped with a Ge impurity to various co
centrations up to 2.531020 cm23 and within Si codoped
with Ge and B impurities as compared with dislocations
undoped and B-doped Si.
II. EXPERIMENT
Specimens were prepared from dislocation-free C
chralski ~CZ!-grown Si crystals doped with Ge of variou
concentrations up to 2.531020 cm23 and codoped with B
and Ge, hereafter noted as (Ge1B)-doped. Table I shows the
main impurity concentrations of the crystals. Specime
were sectioned into rectangular shape, approximately 233
315 mm3, with the long axis along the direction@11̄0# and
side surfaces parallel to~111! and (112̄). Following me-
chanical polishing, the surfaces were chemically finish
with a HF:HNO3 reagent in the ratio 1:5 at 30– 40 °C.
Scratches were drawn on the~111! and (1̄1̄1̄) surfaces
of the specimen along the@11̄0# direction at room tempera
ture with a diamond stylus. Such scratches serve as pre
ential generation centers for dislocations when stressing
specimen. The specimen was stressed at an elevated
perature by means of three-point bending in a vacuum.
bending axis was parallel to@112̄#. The generation and mo
tion of dislocations from the scratch were detected by
serving the etch pits developed by the modified Sirtl etcha8
at 20 °C. The geometry of the specimens, as well as
details of the experimental procedure, has been describe
a previous article.4
The dynamic characteristics of dislocations in the cr
tals were compared with those of dislocations in undop
4,© 2003 American Institute of Physics

























































266 J. Appl. Phys., Vol. 93, No. 1, 1 January 2003 Yonenaga et al.float-zone ~FZ!-grown Si, undoped CZ Si, and heavi
B-doped CZ Si crystals.
III. RESULTS
The generation of dislocations from a scratch under v
ous stresses has been investigated. The distance travel
the leading 60° dislocation in an array of dislocations t
are generated from a scratch during a 600 s stress pul
800 °C is plotted against the resolved shear stress in Fi
for various Si crystals. No appreciable critical stress is m
sured for dislocation generation in undoped FZ Si, wherea
certain critical stress exists for the generation of dislocati
in undoped, B-doped, Ge-doped, and (Ge1B)-doped CZ Si.
The magnitude of the critical stress is'7 MPa in undoped
and Ge-doped CZ Si. On the other hand, the critical stres
as high as'13 MPa in B and (Ge1B)-doped CZ Si. Quite
striking is the strong suppression of dislocation generatio
(Ge1B)-doped Si, despite the low B and Ge concentratio
Once the stress exceeds the critical stress for disloca
generation, the travel distance in the undoped, B-doped,
doped, and (Ge1B)-codoped CZ Si increases rapidly wit
stress. In such cases, the travel distance versus stress
tionship usually shows a break at some high stress; bey
which the travel distance increases with stress at appr
mately the same rate as that found for undoped FZ Si
TABLE I. Concentration of the main impurities in the crystals used.
Crystals Impurity concentrations (cm23)
CZ: Ge-doped @Ge#: 631019
CZ: Ge-doped @Ge#: 931019
CZ: Ge-doped @Ge#: 1.531020
CZ: Ge-doped @Ge#: 2.531020
CZ: (Ge1B)-doped @Ge#: 431019, @B#: 931018
FIG. 1. Travel distance of leading 60° dislocations generated from a scr
during a 10 min stress pulse at 800 °C in various doped Si crystals plo

















high stress, the travel distance versus stress relationship
undoped CZ Si almost overlaps with that of undoped FZ
The travel distance of dislocations within B-doped and G
doped CZ Si is larger than that in undoped FZ-Si, whi
seems to show a velocity enhancement by B and Ge dop
Conversely, the travel distance within (Ge1B)-doped CZ Si
is shorter than that within undoped FZ Si, which mean
velocity reduction by Ge and B codoping as discussed la
Figure 2 shows the dependence of the critical stress
dislocation generation at 800 °C on the concentration of
and B impurities. Data for various concentrations of oxyg
~O! impurity in undoped CZ Si are also included in Fig.
As previously reported, the critical stress increases with
increase in the O concentration and becomes 7–8 MP
about 1018 cm23, the critical stress in B-doped Si increas
remarkably when the B concentration exceeds
31019 cm23, which means that B effectively suppresses t
generation of dislocations when the concentration is hig
than '131019 cm23 ~Refs. 4 and 5!. In Ge-doped Si, the
magnitude of the critical stress for dislocation generation
7–8 MPa, i.e., the same as the critical stress for undoped
Si, and increases gradually to'11 MPa when the Ge con
centration exceeds 131020 cm23. Thus, it is found that the
Ge impurity even at the high concentration of 2
31020 cm23 does not have as strong an effect on the s
pression of dislocation generation, in comparison with B i
purity. Indeed, in the dilute alloys Ge0.004Si0.996, strong sup-
pression of dislocation generation has not been observ9
Surprisingly, it is found that within (Ge1B)-doped Si, the
critical stress is high and comparable to that within Si dop
with 931019 cm23 of B, even for combined concentration
of Ge and B impurities that are lower than those indep
dently doped Si. That is, for B and Ge concentrations o
31018 and 431019 cm23, respectively, within
(Ge1B)-doped Si, the critical stress of the dislocation ge
eration in the crystal is larger than that within Si doped w
either B or Ge at similar concentrations. For instance,
B-doped Si at a concentration lower than 13 019 cm23, the
critical stress is not large, but rather comparable to undo
CZ Si. Indeed, the measured critical stress in (Ge1B)-doped
ch
ed
FIG. 2. Variation in critical stress for the generation of 60° dislocations
800 °C against the concentration of impurities O, B, and Ge in Si cryst
The ellipse denotes the critical stress in Ge and B codoped Si at a con






























































267J. Appl. Phys., Vol. 93, No. 1, 1 January 2003 Yonenaga et al.Si seems comparable to that in Si doped with an impurity
an order of magnitude higher concentration. This means
there must be a strong effect of codoping of Ge and B
purities on the suppression of dislocation generation.
The distance traveled by the leading dislocation in
array under a given stress divided by the stressing duratio
taken to be the velocity of the dislocation under that stre
Figure 3 shows the velocities of 60° dislocations at 800
plotted against the resolved shear stress, together with th
dislocations in high purity FZ Si in which the logarithm o
the velocity is linear with respect to the logarithm of th
stress for all the ranges investigated. The dislocation velo
v is described as a function of stresst according to the
empirical law
v}tm, ~1!
where m'1. The result is same as the result previou
reported.4,5,9,10The velocity of dislocations in undoped, Ge
doped, B-doped, and (Ge1B)-doped CZ Si increases rapidl
once the stress exceeds the critical stress for dislocation
eration and then shows a break, depending on the impu
concentration. Such a rapid increase in velocity with str
relates to the release process of dislocations from
impurity-immobilized state. Beyond the break, the veloc
increases rather slowly with increasing stress, at a com
rable rate to that of dislocations in high-purity FZ Si whe
dislocations move with a velocity independent from the g
eration process and free from the influence of the impu
immobilization.
Figure 4 shows how the velocities of 60° dislocatio
depend on the concentration of impurities in a semiquan
tive manner. The velocities of dislocations shown are th
under a stress of 30 MPa where the measured velocities
FIG. 3. Velocities of 60° dislocations in various doped Si crystals at 800



















thought to be free from the influence of impurity immobil
zation. It is seen that the velocity of dislocations in B-dop
Si increases monotonically from that in undoped Si with
increase in the B concentration.4 A dislocation velocity in
B-doped Si at 2.531020 cm23 is determined even under th
influence of the immobilization effect deduced by the B im
purities. In Ge-doped Si, the dislocation velocity first i
creases slightly, showing a maximum at a concentration
931019 cm23, and then decreases to a level lower than t
in undoped Si with an increasing Ge content. This decre
may be attributed to the alloying effect as observed in Si-r
GeSi alloys.9 Contrarily, the most striking observation is th
the velocity of dislocations in (Ge1B)-doped Si is much
lower than in undoped and the other singly doped cryst
even for the case of low concentrations of Ge and B im
rities. This is a unique effect of Ge and B codoping on d
location motion.
IV. DISCUSSION
The experimentally observed features of the impurity
fects on the dislocation velocities can be divided into tw
categories with respect to the stress range. In the low st
range, the velocities of dislocations in crystals doped w
impurities are zero or low and increase rapidly toward tho
found in undoped-Si crystals with increasing stress. Suc
phenomenon is related to the release process of disloca
immobilized by agglomeration of impurities, as observed
the dislocation generation from a scratch. On the other ha
in the high stress range, the velocities of dislocations refl
the effects of impurities dispersed within the crystal on t
velocities of dislocations in motion.
A. Effect of impurities on the dislocation velocity
The most characteristic result in the present experime
is that single doping of B and Ge impurities at a concent
tion up to 931019 cm23 results in a slight enhancement o
dislocation velocity, while codoping with Ge and B impur
ti s results in a reduction of the dislocation velocity in S
FIG. 4. Velocities of 60° dislocations in doped Si crystals at 800 °C unde
shear stress of 30 MPa as dependent on the impurity concentration.
ellipse denotes the velocity in Ge and B codoped Si at a concentratio



































































































268 J. Appl. Phys., Vol. 93, No. 1, 1 January 2003 Yonenaga et al.The coexistence of Ge and B impurities in the matrix m
lead to strong obstacles for dislocation motion.
The elementary process of dislocation glide in a se
conductor consists of the thermally activated nucleation o
double kink on a straight dislocation line lying along th
Peierls valley and the subsequent expansion of the gene
kink pairs along the dislocation line. A dislocation moves
the thermally activated process under elastic and/or elect
interactions with electrically active and neutral impuriti
dispersed in the matrix. It is well accepted that the str
field of an impurity atom due to the misfit size genera
gives rise to the retardation of dislocation motion since ex
energy must be spent to overcome the potential barrier
lated to the interaction. The atomic radius of B~0.088 nm! is
smaller than that of Si~0.117 nm!, while the radius of Ge
~0.122 nm! is larger than that of Si.11 The energy of interac-
tion between a dislocation and an impurity atom is calcula
to be 0.75 and 0.25 eV for B and Ge atoms, respectively
1000 K, even when an impurity atom with a large misfit
located at the closest position to the dislocation where
interaction energy assumes a maximum value.12 In the case
where the Ge and B impurities are singly doped into Si a
high concentration, appreciable resistance stress agains
location motion overcoming pointlike impurity atoms can
expected. The reduction of dislocation velocity, experim
tally detected at a concentration higher than 1020 cm23 as
seen in Fig. 4, may be attributed to the mechanism.
In (Ge1B)-doped Si, the velocity of dislocations i
much lower than in undoped and the other singly doped c
tals. As mentioned herein, the atomic radius of B is sma
than that of Si and the radius of Ge is larger than that of
That is, B and Ge atoms are expected to introduce a st
field into the matrix of expansive and compressive natu
respectively. They may compensate for their strains w
each other to make a stable complex in the matrix. Sta
Ge4B in Si is theoretically indicated by Kawasaki an
Katayama-Yoshida.13 Such a stable complex may act as
strong barrier against dislocation motion in a matrix whe
dislocations move via cutting the obstacles. Another pl
sible mechanism is that long-range stress may be induce
local fluctuations of the impurity concentration in a cryst
Since B and Ge impurities associate with the positive a
negative strain fields in the crystal, local fluctuations of t
impurity distribution, causing the development of Ge-
B-enriched regions, may induce a long-ranged stress fi
that cannot be easily surmounted by dislocations via a t
mally activated process. This means that dislocations
(Ge1B)-doped Si move by a repeat bowing out proce
around the long-range stress fields. The transmission elec
microscopic study of dislocation distribution should be u
ful for a detailed understanding.
The physical mechanism of velocity enhancement
served in B-doped and Ge-doped Si remains unclear.
band-gap reduction due to heavy doping or alloying with
into Si, which, in general, leads to an enhancement of di
cation motion, cannot explain the experimental feature a
concentration higher than 1020 cm23 observed in the presen
and previous works.9,14 It is well known that the dislocation








































cally active impurities through the formation and/or migr
tion of kinks where a kink has an acceptor or donor level
the enhanced velocity of dislocations detected in B-doped
is related to such a mechanism, then a donor level will
associated with a kink site in Si, in addition to an idea tha
kink in P-doped Si has an acceptor level has been propo
by Hirsch15 and Jones.16 It may also be related to the reduc
tion of kink formation energy through an elastic interacti
with impurity atoms as discussed in the solution softening
body-centered-cubic metals and alloys.17 It should be noted
that the dislocation velocity in As-doped Si is somewh
higher than that in P-doped Si,9 which leads to the reconsid
eration of the previous knowledge that in impurity-dop
semiconductors, dislocation velocity is determined only
the concentration and is not influenced by the impurity s
cies. Probably, the kink configuration/formation of a disloc
tion may be significant in heavily impurity-doped semico
ductors, where the doping level is extremely high and th
can be regarded as being a dilute alloy. It is a future task
clarify the mechanism through the detailed investigation
dislocation velocities, including the temperature dependen
B. Dislocation immobilization
Now, we discuss the dislocation immobilization due
impurity segregation observed in the low stress range.
absence of the dislocation generation from a scratch or
face flaw under low stress is also observed for dislocation
Si, GaAs, and InP doped with a variety of impurities.4,5,18–21
Dislocations nucleated around the scratch are immobili
due to the segregation of impurity atoms along the dislo
tion lines, while the crystal is being heated to the test te
perature. The critical stress for generation can be interpre
as the stress required to unlock the dislocation from suc
state and to penetrate into the matrix crystal. It is well kno
that an individual impurity cannot lead to the observed i
mobilization effects due to their low concentration a
dislocation–impurity interaction energy.12 In terms of the im-
mobilization of dislocations, some complexes or clust
with a stable structure may be effectively constructed in
dislocation core region.
As shown previously4 and in the present work, B impu
rity possesses the strong immobilization effect on dislo
tions in Si. Conversely, Ge impurity even at the high conc
tration of 2.531020 cm23 does not show a strong
suppression of dislocation generation in comparison with
impurity. Probably, the difference of the magnitude of th
size misfit shown in the preceding section may relate to
formation/development of stable complexes.
Experimentally observed immobilization of dislocatio
in (Ge1B)-doped Si, possibly, some stable structure may
effectively constructed in a short time in cooperation with
few impurities or intrinsic point defects, even though t
impurity concentrations are not so high in comparison w
those in B-doped and Ge-doped Si. The stable comp
Ge4B theoretically presumed by Kawasaki an
Katayama-Yoshida13 may be formed preferentially at a dis
location core to act as a nucleation site for further devel
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The dynamic behavior of dislocations in heavily G
doped Si crystals and Ge and B codoped Si crystal has b
investigated. Strong suppression of dislocation generatio
demonstrated in Si codoped with Ge and B, while weak s
pression occurs in Ge-doped Si and the critical stress
creases gradually with increasing Ge concentration. Thi
interpreted in terms of dislocation immobilization due to t
effective segregation of both Ge and B impurities. The d
location velocity in (Ge1B)-doped crystals is found to b
lower than that in B-doped, Ge-doped, and undoped Si.
existence of individually dispersed impurities is conside
to be an effective resistance to dislocation motion.
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